Lateral diffusion describes protein dynamics within the plane of a membrane. 1 8 1
Previously it was shown using a combination of plasmolysis and protoplasting treatments 1 8 2 that, upon removal of the cell wall constraint, protein lateral diffusion of 'minimal' PM proteins 1 8 3 with extracellular-facing GFP is increased (5). Therefore, we hypothesized that the cell wall 1 8 4
constrains the lateral diffusion rate of biologically functional proteins within the membrane. 1 8 5
Here, we performed TIRF-SP imaging of paGFP-LTI6b, PIN3-GFP and FLS2-GFP in 1 8 6 combination with pharmacological perturbation of the cell wall . PIN3-GFP and 1 8 7 FLS2-GFP are both biologically active proteins with divergent function and were observed 1 8 8 under control of their own promoters. The cellulose synthase specific herbicide DCB (24) 1 8 9 and the pectin demethylesterase EGCG (25) were used to impair either cellulose synthesis 1 9 0 or pectin methylation status and hence the cell wall. Upon cell wall impairment with 1 9 1 either, there was a non-significant trend towards increased constrained diffusion rate (Fig.  1  9  2 4B) and constrained area ( Fig. 4C ) for paGFP-LTI6b (Fig.4 , Supplemental video 3). 1 9 3
Therefore, over one hour of treatment with either drug, an alteration in cell wall structure did 1 9 4 not dramatically alter paGFP-LTI6b dynamics within the membrane. There was however a 1 9 5 significant increase in the instantaneous diffusion rate of paGFP-LTI6b upon cellulose or 1 9 6
pectin perturbation of the cell wall ( Fig ± 0.003 µm 2 /s). In addition, upon plasmolysis with either NaCl or mannitol, the paGFP-LTI6b 1 9 9 diffusion rate was significantly increased in the PM ( Fig.S4A -E, Supplemental video 4). 2 0 0 Therefore, minor cell wall perturbation by impairing individual components does not affect 2 0 1 the constrained diffusion rate of paGFP-LTI6b, but significant separation of the cell wall from 2 0 2 the cell cortex and PM by plasmolysis does. 2 0 3
We also performed TIRF-SPT of the PM proteins PIN3-GFP and FLS2-GFP after cell 2 0 4 wall perturbation (Fig. 5 , supplemental movie 5). We chose PIN3-GFP and FLS2-GFP as 2 0 5 their diffusion rates in untreated cells were reduced compared to paGFP-LTI6b and PIP2A-2 0 6 paGFP ( Fig.2) . In addition, PIN3 is functionally active in the hypocotyl as the flow of auxin is 2 0 7 constant throughout plant development. Conversely, FLS2 should not be signalling in the 2 0 8 absence of its ligand flg22 (26). In this study we tracked both active and non-active 2 0 9 biologically functioning proteins and any similarities observed should demonstrate overall 2 1 0 effects of the cell wall on PM protein dynamics. Unlike paGFP-LTI6b, both PIN3-GFP and 2 1 1 FLS2-GFP showed significantly increased constrained diffusion rate and area upon 2 1 2 treatment with either DCB or EGCG (Fig 5A-H perturbation of either cellulose or pectin components of the cell wall results in these proteins 2 1 7 diffusing faster and over a larger area (Fig 5) . Furthermore, as a control, plasmolysis with 2 1 8 either NaCl or mannitol and subsequent separation of the cell wall and PM caused an 2 1 9 increase in diffusion rate and constrained area for both ( Fig.S4F -O, Supplemental movie 6), 2 2 0 with the exception of the constrained region for FLS2-GFP (Fig.S4J ).
1
In combination with TIRF-SPT, Airyscan imaging of PIN3-GFP and FLS2-GFP 2 2 2 demonstrated that nanodomain size significantly increases upon perturbation of either 2 2 3 cellulose synthesis or pectin status (Fig 5D&H) . FLS2-GFP control nanodomain size was 2 2 4 FWHM = 161.4 ± 41.5nm, DCB; FWHM = 180.7 ± 65.35nm, and EGCG; FWHM = 182.1 ± 2 2 5 61.94nm (Fig. 5D ). Nanodomain size after DCB and EGCG treatment was significantly 2 2 6 greater than in controls (p≤0.0001, ANOVA), however there was no statistically significant 2 2 7 difference between FLS2-GFP DCB and EGCG treated nanodomain size (p≥0.05, ANOVA WAK1&2 (27). The auxin efflux transporter PIN2 has been shown using STED microscopy to 2 4 8 form nanodomains in the membrane of between 100-200nm in diameter which is the same 2 4 9 observed by us for PIN3-GFP using Airyscan imaging ( Fig. 1 and reference (11). However in 2 5 0 the same investigation BRI1 was found to have weak protein heterogeneity and hence 2 5 1 nanodomain formation (11), which is in contradiction to our findings ( Fig.S1 ) and those of 2 5 2 others (28). We have imaged hypocotyl epidermal cells while the BRI1 study was conducted 2 5 3 using root epidermal cells. Tissue-specific differences such as the cell wall status, which we 2 5 4 and others have shown to be important for nanodomain size (Fig 5 and dynamics of the proteins investigated are complex and not uniform. As shown previously, 2 6 4 the paGFP-LTI6b diffusion rate is high relative to most other proteins thus far investigated 2 6 5 (5). However it only has two amino acid residues projecting into the extracellular space 2 6 6 compared to FLS2-GFP and PIN3-GFP which have larger extracellular domains (31, 32). 2 6 7 'Minimal' membrane proteins which are PM anchored and have an intracellular GFP tag 2 6 8 have faster diffusion rates than 'minimal' membrane proteins which have extracellular GFP 2 6 9 (2, 5).Therefore, with regard to investigation of PM protein dynamics, the study of functional 2 7 0 biologically relevant proteins which contain extracellular domains is more instructive than 2 7 1 marker proteins such as paGFP-LTI6b although the dynamics of biologically functional PM 2 7 2 localised proteins which have no extracellular domains still needs to be investigated.
Protein domain diffusion rate heterogeneity exists in the plant PM for all proteins 2 7 4 investigated in this study. This is similar to observations using dSTORM super resolution 2 7 5
imaging of individual TCR molecules in activated human T cells (33) and proteins located in 2 7 6 membrane sheets imaged with STED (34). Therefore, heterogeneity of membrane protein 2 7 7 diffusion rates is a common theme across kingdoms. It is interesting to note that all proteins 2 7 8 imaged also form differently sized nanodomains within the PM ( Fig. 1 & S1 ). Heterogeneity 2 7 9 of protein domain size and diffusion rate suggests that nanodomains of PM localised 2 8 0 proteins must show substantial crowding / overlap within the membrane. However, we have 2 8 1 only imaged one labelled nanodomain at a time in this study. It will be interesting to extend 2 8 2 this work to investigate protein species heterogeneity within the imaged nanodomains. 2 8 3
Protein association within nanodomains would convey rapid functionality in multi-protein 2 8 4 response pathways. Additionally, it could account for how signalling pathways which rely on 2 8 5 common components such as FLS2 and BRI1 can lead to environmental or development 2 8 6 responses as has been shown previously (12). This could also account for cross talk 2 8 7 between different pathways when components are localised to specific but partially 2 8 8 overlapping nanodomains. 2 8 9 2 9 0
The actin and microtubule cytoskeleton can regulate the diffusion of FLS2 but not 2 9 1 PIN3 and LTI6b. 2 9 2 2 9 3
We have demonstrated that the actin and microtubule cytoskeletons do not uniformly 2 9 4 regulate the dynamics of PM proteins. The actin and microtubule cytoskeletons only regulate 2 9 5 the constrained diffusion rate of FLS2-GFP, which has increased lateral dynamics after 2 9 6 depolymerization of either network (Fig. 3C ). Both PIN3-GFP and paGFP-LIT6b showed no 2 9 7 difference in diffusion rate upon cytoskeleton depolymerization, but did show an increase in 2 9 8 the constrained area size when viewed as single particles (Fig. 3A- B & E-F). However, the 2 9 9 constrained area was not altered for FLS2-GFP by cytoskeleton depolymerization (Fig. 3) . 3 0 0 PIP2A has been shown previously by sptPALM imaging to have an increased diffusion rate 3 0 1 upon depolymerization of the actin cytoskeleton but no difference was reported for PIP2A 3 0 2 upon oryzalin treatment to depolymerize the microtubule cytoskeleton (35). The actin and 3 0 3 microtubule cytoskeleton regulation of some PM localised proteins is further demonstrated 3 0 4 by a recent report showing that the pathogen perception signalling protein BIK1 co-localizes 3 0 5 to microtubules but not the actin cytoskeleton (12). In addition, actin and microtubule 3 0 6 depolymerisation resulted in loss of, and enlargement of nanodomain size of REM1.2, 3 0 7 respectively (36). Furthermore, depolymerisation of the actin, but not the microtubule 3 0 8 cytoskeleton reduces nanodomain density of LYK3 (10). However, it has also been 3 0 9 demonstrated that for HIR1, microtubules govern nanodomain dynamics within the PM, 3 1 0 preferentially to actin microfilaments (37). Differential regulation of proteins by the 3 1 1 cytoskeleton would contribute to proteins forming differently sized nanodomains and having 3 1 2 differing diffusion rates in the membrane, which we and others have observed. All proteins 3 1 3 investigated in this study show differently sized nanodomains with different dynamics in the 3 1 4 membrane ( Fig. 1 & S1 ). The regulation of PM proteins by the cortical actin cytoskeleton has 3 1 5 been investigated widely in mammalian cell systems and modelling has demonstrated that 3 1 6 the actin cytoskeleton is sufficient to regulate heterogeneities in PM protein organisation 3 1 7 (38). This could partly account for the differences we observe in PM nanodomains size and 3 1 8 dynamics in planta.
The cell wall regulates PM nanodomain size and dynamics 3 2 1 3 2 2
To determine any effect that perturbations in different cell wall matrix components 3 2 3 might have on the diffusion rate of proteins within the PM we perturbed cellulose synthesis 3 2 4 and pectin methylation status. Neither of these treatments had a statistically significant effect 3 2 5 on the constrained diffusion rate or area of paGFP-LTI6b in the membrane (Fig. 3) . paGFP-3 2 6
LTI6b is an extremely mobile protein and shows very different characteristics during TIRF-3 2 7
SPT when compared to the biologically functioning PM proteins investigated. We 3 2 8
hypothesize that due to the relatively fast diffusion rate of the protein in the PM and only 3 2 9 having two residues in the apoplast, it is under relatively little constraint from the cell wall 3 3 0 and hence, a minor cell wall perturbation over a short period such as those performed here 3 3 1 with DCB and EGCG would not dramatically alter its diffusion rate. However, a major 3 3 2 separation of the cell wall and PM during plasmolysis did significantly increase its diffusion 3 3 3 rate in the membrane (Fig. S4) .
PIN3-GFP and FLS2-GFP showed rapid changes in both constrained diffusion rate 3 3 5 and constrained area upon cellulose or pectin disruption (Fig.5 ). Therefore the cell wall acts 3 3 6 to constrain the lateral mobility of these proteins within the PM. We have demonstrated that 3 3 7 cell wall structure also regulates nanodomain size (Fig. 5D&H ). This is surprising as after 3 3 8 cell wall perturbation for 20 minutes the cellulose synthase complexes are removed from the 3 3 9 PM (15) but no other changes have been reported until much later with transcriptional 3 4 0 changes, phytohormone induction and lignin deposition occurring at 4-7 hours of treatment 3 4 1 (39). Therefore, minor cell wall perturbations rapidly affect PM nanodomain structure and 3 4 2 dynamics. That such a short treatment has a profound effect on PM protein dynamics 3 4 3 demonstrates how intimately related the cell wall and PM are. This could be an as yet 3 4 4 undescribed mechanism of the plant cell that allows it to rapidly respond to mechanical 3 4 5
stimuli. In addition, it is interesting that separating the cell wall and PM as occurs during 3 4 6 plasmolysis results in increased diffusion of paGFP-LTI6b, whereas specifically impairing a 3 4 7 single component over a short time frame did not. This could be because the cell wall has a 3 4 8 global effect on the dynamics of all proteins with the severity depending on the size of any 3 4 9 extracellular domains or residues. In addition, a subset of proteins with extracellular residues 3 5 0 such as PIN3-GFP and FLS2-GFP might chemically interact with cell wall domains as has 3 5 1 been demonstrated for Formin1 (5), and breakage of these chemical bonds resulting from 3 5 2 plasmolysis might destabilize the entire membrane structure. The dense extracellular matrix 3 5 3 of brain synapses has been shown to regulate the lateral mobility of AMSP-type glutamate 3 5 4 receptors (40). Therefore, the role of extracellular matrices in governing the dynamics of PM 3 5 5 proteins is common across kingdoms. 3 5 6
It would be interesting to determine if changes in nanodomain size affect the 3 5 7 signalling functions of either PIN3 or FLS2 and subsequent hormone transport or ligand 3 5 8 binding. Here we show using native promoter expression of tagged proteins that their 3 5 9 dynamics and nanodomain size are regulated by the cell wall. The pathogen receptor protein 3 6 0 FLS2 has lowered lateral mobility when treated with flg22 in protoplasts (41). Recently, it has 3 6 1 been shown that flg22 treatment results in decreased dynamics of FLS2 nanodomains (12), 3 6 2 confirming the FRAP result reported previously (41). This has also been demonstrated for 3 6 3 the aquaporin PIP2A which, upon salt stress, co-localizes with the membrane nanodomain 3 6 4 marker FLOT1 and shows changes in its mobility within the membrane (42). Additionally, 3 6 5 LYK3, upon ligand binding and host cell infection shows reduced dynamics and increased 3 6 6 stability in the membrane (10). In addition, membrane nanodomains have been shown to be 3Zeiss LSM880 equipped with an Airyscan detector was used. Airyscan imaging was 4 0 1 performed using 488 and 514nm excitation for GFP and YFP respectively. Lasers were used 4 0 2 at 1% transmission with a dual 495-550BP and 570nm long pass filter. For standard 4 0 3 confocal imaging the same emission wavelength was imaged with a GaAsP detector. To 4 0 4 avoid chlorophyll autofluorescence a 615nm short pass filter was used. A 100x/1.46 DIC 4 0 5 M27 Elyra oil immersion lens was used for all imaging. A 5X zoom was used to image flat 4 0 6 membrane sheets and imaging conditions were all set according to Zeiss optimal Airyscan 4 0 7 frame size (for 5X zoom, 404x404). Frame sizes were kept the same for standard confocal 4 0 8 imaging. For single particle experiments, sample size (n) = a minimum of 12 cells imaged 4 0 9 across 3 biological replicates per condition, the number of single particles tracked per 4 1 0 condition is displayed in Table S1 . For all Airyscan data n = ≤ 64 nanodomains were 4 1 1 measured / cell for 36 cells across three biological repeats, exact numbers for each 4 1 2 condition can be seen in Table S2 .
Airyscan image analysis 4 1 4 PM protein nanodomain size was determined by imaging using the above conditions. Using 4 1 5 the FIJI implementation of imageJ, an 8X8 grid was placed over the image and line profiles 4 1 6 determined for the brightest nanodomain in each grid cell. The full width half maximum 4 1 7 (FWHM) of these line profiles was then determined and this data was collated in Graphpad 4 1 8
Prism version 7. Scatter dot plots were produced with error bars denoting the standard 4 1 9 deviation. ANOVA with multiple comparisons was used to assess nanodomain size 4 2 0 differences for different proteins. Kymographs were produced from 55 subsequent images synthesis by 2,6-dichlorobenzonitrile affects the structure of the cytoskeleton and cell 5 3 5 wall construction in Arabidopsis. Plant Biol (Stuttg) 15 (2) Chan for generously providing seed lines. We would also like to thank all members of the 6 0 2 plant cell biology section at Oxford Brookes for insightful discussions. 
